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Abstract. We consider compressive viscosity and thermal conductivity to study the 
propagation and dissipation of long period slow longitudinal MHD waves in polar coronal 
holes. We discuss their likely role in the line profile narrowing, and in the energy budget 
for coronal holes and the solar wind. We compare the contribution of longitudinal MHD 
waves with  high frequency Alfvén waves. 
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1. Introduction 
The broadening of line profile with radial height is the likely signature of the undamped 
Alfvén wave propagation (Hassler et al., 1990; Wilhelm et al., 2004, 2005; and references 
cited therein). The narrowing of line profile is, however, attributed to the propagating 
damped Alfvén waves (Harrison et al., 2002; O’Shea et al., 2005). Spectroscopic studies, 
both on the disk and off-limb, also show the presence of compressional waves in plumes 
and inter-plume regions of polar coronal holes and their possible role in the solar wind 
acceleration (Gurman and DeForest, 1998; Ofman et al.,1997, 1998; Banerjee et al., 
2001).  Recently, O’Shea et al. (2006) have also inferred the presence of fast and slow 
magnetoacoustic waves in the polar off-limb region. MHD model of Alfvén wave 
dissipation in the equatorial corona has been reported by Harrison et al. (2002). The same 
explanation is given by Pekünlü et al. (2002) in the northern polar coronal holes, invoking 
MHD model correlating with the observed line profile narrowing in these regions. 
Dwivedi and Srivastava (2006) have also studied the outwardly propagating Alfvén 
waves and their dissipation in coronal holes, supporting the solar wind outflow starting 
between 5 Mm and 20 Mm as reported by Tu et al. (2005 , 2006).  The quasi-periodic 
disturbances in the off-limb above the polar coronal holes have been interpreted as the 
slow magnetosonic waves by Ofman et al.(2000). 
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                          In this paper, we consider thermal conductivity and compressive viscosity 
as dissipating agents to investigate long period slow MHD waves with periods 10, 20, and 
30 min. We consider the solar wind source region and its upper part inside polar coronal 
holes for the propagation of long period slow MHD waves along the background 
magnetic field direction. In Section. 2, we describe MHD equations and theoretical 
considerations. In Section. 3, we describe theoretical line widths, estimated as a result of 
Alfvén waves, and slow longitudinal MHD waves in polar coronal holes. Results and 
discussion are presented in the last Section. 
 2. MHD equations and theoretical considerations 
               We consider propagation of slow longitudinal MHD waves along the 
background magnetic field in polar coronal holes. The background magnetic field is 
considered along z-axis, which is the normal outward direction of the Sun’s surface. We 
study the combined effect of compressive viscosity and thermal conductivity on the 
propagation and dissipation of these waves in polar coronal holes. One-dimensional MHD 
equations for viscous and thermal conductive plasma are (cf., De Moortel and Hood, 
2003) : 
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     TRp µ
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where ||,,,,,, κηρ oRvTp respectively are mass density, gas 
pressure, temperature,  velocity along z-direction, universal gas constant, 
compressive viscosity and thermal conductivity along z-direction. Compressive 
viscosity and thermal conductivity are: 5.21610 oo T
−=η (g cm-1 s-1) and 
5.26
|| 10 oT
−=κ      (ergs cm-1 s-1 K-1) (Braginskii 1965). The set of Eqs (1) –
(4) deals the slow MHD oscillations along the magnetic field lines (De Moortel 
and Hood, 2003). In equilibrium, plasma pressure, temperature and density 
respectively are po , To and ρo.  
                                                                                
               Similar to De Moortel and Hood (2003), using the equilibrium values of 
pressure, temperature, and density, we make Eqs. (1) - (4) dimensionless. The velocity 
parameter is made dimensionless by dividing it with adiabatic sound speed, 
00
2 / ργ= pc s . The length and time are made dimensionless by particular plasma column 
length L, and observed time period τ , which are related as τ= scL .  The linearized 
Equations with dimensionless parameters are given as follows (similar to De Moortel  and 
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 The details of the parameters ε  and d  are given in De Moortel and Hood (2003).  
                Assuming all the variables having the phasor factor )(exp tizki ω−  and solving 
Eqs. (5) – (8) simultaneously, we get the following dispersion relation: 
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We take the density profile in a polar coronal hole as a function of radial height from the 









RNe                                        (12) 
The mass density is )(6.0)(o RNmR ep=ρ , where pm is the proton mass. The empirical 
relation of temperature profile is given by Pekünlü et al. (2002) in coronal holes, using 
David et al.(1998) temperature measurements : 
 7727 103105102 ×−×+×−= RRTR (K).                                             (13) 
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The data below 1.05 R? are obtained by extrapolation. The energy flux density of MHD 
wave is given by 
 VRvW )(2NTρ=  ,          (ergs cm-2   s-1)                                                                                            (14), 
 where V  is wave velocity and )(RvNT is velocity equivalent to the non-thermal 
component of relevant spectral line at FWHM. We use the empirical relation 
for )(RvNT as a function of radial height, given by Pekünlü et al. (2002) using Banerjee et 
al.(1998) measurements for Si VIII ion : 
 )(5.578616882181912.86383.1522)( 1234 −−+−+−= skmNT RRRRRv .    (15) 




Fig. 1 Schematic model of the solar wind source region (magnetic funnels), and its energy 
and mass supply from side loops, adapted from Tu et al. (2006). 
 
                    Tu et al. (2005, 2006) have suggested a new model, which illustrates the 
scenario of the solar wind origin in coronal funnels, and its energy and mass supply from 
side loops. We have adapted their idea to make a schematic representation of side loops 
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and funnels which is shown in Fig. 1 Previously, the solar wind was believed to originate 
from the ionized hydrogen layer slightly above the photosphere. However, Tu et al. 
(2005) have shown from the Doppler shift of C IV  emission line that the bulk flow of the 
solar wind did not occur at a height of 5 Mm. They determined the height of the solar 
wind origin in the magnetic funnels by a comparative and correlative study of coronal 
magnetic field obtained from the force-free extrapolation of the photospheric field using 
the MDI data, and the radiance and Doppler maps of EUV spectral lines  (e.g., Si II , C IV  
, and Ne VIII )  as observed by the SUMER/SOHO spectrograph. They found that C IV  
intensity has a maximum correlation coefficient with the extrapolated magnetic field and 
does not show a significant Doppler shift at a height of about 5 Mm. But C IV   lines may 
have a blue-shift near the centre of the supergranular cells and is partially red-shifted near 
the cell boundaries. Tu et al.(2005 a, b) have also found the blue Doppler shift for the  Ne 
VIII  ion at a height of 20.6 Mm in the funnels. The transition region of coronal holes is 
full of bipolar loops up to a maximum height of 7 Mm. The neighbouring loops keep the 
funnels’ cross-section constricted and prevent a rapid horizontal expansion through 
magnetic tension to the funnels with height. The adjacent magnetic loops are the likely 
carriers of energy to the solar wind plsama. We consider the solar wind source region 
(i.e., 1.0058 R? - 1.03 R?) and its upper part (i.e., 1.03 R? - 1.35 R? ) of polar coronal 
holes, for studying the propagation and dissipation of long period slow longitudinal MHD 
waves.           
We solve the dispersion relation (Eq. 11) which provides six roots to find out damping 
length scale, energy flux density, and wavelength etc. Table1 shows calculated values of 
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Table1 Damping length scale, energy flux density, wavelength, and wave velocity, 
corresponding to  six roots of  the dispersion relation at R = 1.20 R? and min10=τ . 
     
Roots 
Damping length scale  
      (cm) 
Energy flux density  
(ergs cm-2   s-1)  
Wavelength    
     (cm) 
Wave velocity  
    (cm   s-1) 
      I 0110251.1 ×  20101345.1 −×  01108560.7 ×  01103093.1 −×  
     II 80106135.3 ×  50103598.3 ×  09103266.2 ×  06108776.3 ×  
     III 80107047.3 ×  501027715.3 ×  09102693.2 ×  06107821.3 ×  
     IV 0110251.1 ×−  20101345.1 −×−  01108560.7 ×−  01103093.1 −×−  
     V 80106135.3 ×−  50103598.3 ×−  09103266.2 ×−  06108776.3 ×−  
     VI 80107047.3 ×−  501027715.3 ×−  09102693.2 ×−  06107821.3 ×−  
              
       Table 1 that only two complex roots namely II and III, and parameters derived 
therefrom are important. They represent the slow longitudinal MHD waves in the solar 
atmosphere. Hence, we present the results which are derived from these two roots. We 
consider long period waves of periods 10, 20 and 30 min in our calculation.  
 
     3. Line widths: Alfvén waves and slow longitudinal MHD waves 
The Doppler line widths as a result of  radially outward propagating Alfvén waves, and 
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We take 10103×=c  cm s-1 , 161038.1 −×=k  ergs K-1 , 2410008.4 −×=iM   g for  Mg X  ion, 
78.609=λ  Å, proton mass 241067.1 −×=pm  g . The Magnetic field is taken from the 
empirical relation of Dwivedi and Srivastava (2006), 
249857.4539079.12920344.95 RRB +−= ,   for 1.05 R?   < R < 1.35 R?  .             (18) 
 
 Alfφ  is the energy flux density for the Alfvén waves (Dwivedi and Srivastava, 2006), 
and Lonφ  is the energy flux density of slow longitudinal MHD waves, which are 
calculated in this paper.  
                   
 4. Results and Discussion 
               Figs. 2a, 2b, and 2c show the dependence of thermal conductivity and 
compressive viscosity on the spatial variation of damping length scales of slow MHD 
waves for time periods 10, 20, and 30 min respectively. For a particular wave period, 
damping length scale of two slow modes exhibits increasing pattern with height above the 
limb. Hence, we see that damping through compressive viscosity and thermal 
conductivity is rather weak as we move upward. In the time period range 10 min – 30 
min, damping length scales do not vary significantly at a particular height. This shows 
that at a particular height dissipative agents have more or less same effect on waves with 
periods 10 to 30 min. Figs 3a, 3b, 3c, show the dependence of thermal conductivity and 
compressive viscosity on  spatial variation of wavelength of slow MHD waves with time 
periods 10, 20, and 30 min respectively. For a particular wave period, wavelength of the 
two slow modes exhibits increasing pattern with height above the limb. The wavelength 
and the nature of its variation with radial height being approximately comparable with the 
damping length scale, validate the linear MHD model in  our study.  
            Figs. 4a, 4b, and 4c show the combined effect of thermal conductivity and 
compressive viscosity on the spatial variation of the energy flux density of long period 
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slow MHD waves for time periods 10, 20, and 30 min respectively. For a particular time 
period, the energy flux density of the two slow modes first increases up to a height of 
1.20 R? and then decreases. Recently O’Shea et al. (2005) measurements of Mg X   
609.78 Å and 624.78 Å lines from Coronal Diagnostic Spectrometer (CDS), provide the 
variation of line widths and line ratio in the regions far off-limb in northern polar coronal 
holes. They have found a decrement in the line widths above 1.21 R? and have attributed 
it to a change of collisionally-excited plasma into the radiatively-excited one. Using the 
line width measurement, Dwivedi and Srivastava (2006) have calculated the non-thermal 
velocity variation in the inner part of polar coronal holes. They have calculated Alfvén 
wave energy flux density that shows a decrement beyond 1.21 R? where non-thermal 
velocity, deduced from observations, also starts reducing. These results indicate the 
dissipation of outwardly propagating Alfvén waves, which cause the reduction in non-
thermal component of the observed line widths. These results also show that Alfvén 
waves of period 0.001 s fit the observational data best. In the case of slow longitudinal 
MHD wave, the energy flux density also shows a decrement at the same location. We 
interpret this result as a dissipation of these waves beyond ~ 1.20 R?. This result is also 
supported by the reduction of the energy flux density of slow longitudinal MHD waves 
for all time periods and their peaks also match with the peaks in the radial profiles of 
observed line widths and non-thermal velocity. It seems that not only Alfvén waves, but 
also dissipation of long period slow longitudinal MHD waves are responsible for the 
decrement in the line width and nonthermal velocity at the height 1.20 R?. The energy 
flux density of the wave with period ~ 10 min is of the order of ~ 105 ergs cm-2 s-1,  and of 
the order of ~ 104 ergs cm-2 s-1  for 20, and 30 min slow MHD waves  at 1.20 R?. The 
energy flux density of 10 min wave is comparable with the required energy ~ 105 ergs cm-
2 s-1 in coronal hole and solar wind, however, it is an order of magnitude low for the slow 
longitudinal MHD waves of periods 20 and 30 min. Doyle et al. (1998) have reported that 
purely acoustic waves are not too important for coronal heating (Hollweg, 1990), and the 
slow and fast waves are not able to supply the coronal energy requirements. Although we 
are getting ~ 105 ergs cm-2 s-1 for 10 min slow MHD waves in the inner part of coronal 
holes, there may be some uncertainty in the estimation of wave energy flux density. 
However, we may not ignore the partial role of these waves for coronal hole and the solar 
wind.  In any case, our study shows the importance of locations near 1.20 R?,  where  both 
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Alfvén as well as longitudinal waves exchange energy with the coronal holes and solar 
wind via collisional dissipation, and  cause the observed line profile narrowing. 
          Using Eqs. (16) and (18) respectively, we estimated Mg X  609.78 Å line width for 
Alfvén and slow longitudinal MHD waves in polar coronal holes, and compared them 
with observation reported by O’Shea et al. (2005). Fig. 5 shows that Mg X  609.78 Å line 
width shows a decrement at 1.20 R?. Our theoretically estimated line widths as a results 
of Alfvén waves and long period slow MHD waves of periods 10, 20, and 30 min are 
respectively shown in Fig. 5. Although theoretical curves in Fig. 5 deviate, yet they show 
approximately the same nature as observed.  These theoretical curves also show 
decreasing arm beyond 1.20 R?. The theoretically calculated line width curves are going 
to be flat after 1.20 R? and finally show the decrement. The increment rate of these curves 
decrease after 1.20 R? . This is obvious that theoretically calculated values cannot trace 
the observations exactly due to the uncertainty in the physical parameters, however, this 
behavior of theoretical curves inferred as the reduction in nonthermal component of line 
width due to the MHD wave dissipation. It is also interesting to note that the curve for 30 
min slow longitudinal MHD wave best fit with observations at 1.20 R?  and beyond this 
height and more than Alfvén wave with period 0.001 s. However, the slow MHD wave 
with 10 min period deviate much with observations as well as with the curve deduced by 
the consideration of Alfvén wave.  This favours the importance of long period slow MHD 
waves with period 30 min at the location 1.20 R? and beyond this height. We tend to 
suggest that 30 min slow MHD wave contributes more to the line profile narrowing 
through dissipation than the slow MHD waves of smaller periods (e.g., 10 min slow 
MHD wave). The deviation in the line width values as estimated by theory and 
observation are due to large uncertainties in energy flux density of  MHD waves, density, 
temperature, and magnetic field topology of the solar corona. Hence, we cannot use the 
theoretically calculated values to exactly fit the observational data, however, this 
significantly shows the correlation between the observed line width and both type of 
wave dissipation.  Erdélyi et al. (1998) have studied the center to limb line width 
variation of the upper cromospheric and transition region lines. Their numerical studies 
favour the Alfvén wave heating over the magnetoacoustic heating. Their calculated 
theoretical line width variations due to Alfvén wave fit the observational data best, 
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however, this is not the case for the magnetoacoustic waves. When we estimated 
theoretical line widths as a result of both types of waves in polar coronal holes, we find 
that both slow longitudinal MHD waves and Alfvén waves are important in this region 
and favour the observations qualitatively. 
                          It is also clear from Fig. 5 that  the line width estimated as a result of 10 
min slow  wave and Alfvén wave are  more  closer to the line width deduced from 
observation below 1.15 R?  , however,  the same for 20 min and 30 min slow waves are 
deviated  more from observation. This is the region where increment in line width is 
thought to be supposed due to  undamped MHD waves. Hence we may say that the role of 
the waves reverted after 1.15  R?, i.e., the wave which are more responsible for the 
increment of  observed line width  below 1.15 R?  are less responsible for the line width 
narrowing above 1.20 R?. The nonlinear effects in the wave are also important in the 
study of propagation properties and resultant coronal heating. This nonlinearity also 
affects the observed line width. However, we only show our analysis in the linear regime 
and considerations of nonlinear effects is out of the scope of present work. 
              Banerjee et al. (2001) have examined long spectral time series of inter- plume 
lanes observed by the CDS spectrometer, and have reported the presence of  
compressional waves with periods of 20 – 60 min or longer using emission lines of He I  , 
O III , O IV  , O V  and Mg XI   from  chromosphere to the corona. These observations have 
been interpreted as slow MHD waves which may dissipate through compressive viscosity 
and have the energy flux density of the order of  ~104 ergs cm-2 s-1.  Many other 
observations of compressional waves in plume and inter-plume  regions in lower as well 
as in upper part of coronal holes (e.g., Ofman et al., 1997;  DeForest and Gurman, 1998) 
have been done, and these signatures are modelled as propagating slow magnetoacoustic 
waves. Our energy flux density calculations are approximately in agreement with the 
estimated mean values obtained from observations ( ~ 104 ergs cm-2 s-1 ) in  coronal holes. 
However, the present study shows that energy flux densities of long period slow MHD 
waves in the solar wind source region are too low. Hence, we can only account the major 
role of high frequency Alfvén waves in the solar wind source region (1.0058 R? - 1.03 
R?). The Alfvén waves are likely candidates in the solar wind source region, however, the 
energy flux of the long period slow longitudinal MHD waves is of the order of ~ 104 ergs 
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cm-2 s-1 in upper part of this region (1.03 R? - 1.35 R?). Hence, they may be one of the 
possible energy sources in this part, and may contribute a fraction of energy required for 
coronal hole and solar wind. 
                      In conclusion, our study underlines the importance of outwardly 
propagating slow longitudinal MHD waves and their dissipation through viscosity and 
thermal conductivity in the inner polar coronal holes, supporting their role in the observed 
line width narrowing. Our study also supports the energy budget of these waves as 
observationally estimated by Banerjee et al. (2001).  
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Fig.2 Spatial variation of damping length scales respectively  for (a)  10 min ,(b) 20 min, 
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Fig.3 Spatial variation of wavelengths respectively  for (a)  10 min, (b) 20 min, and (c) 30 
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Fig.4   Spatial variation of  energy flux densities  respectively  for (a) 10 min , (b) 20 min, 
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